Active dendritic membrane properties were investigated by whole-cell recordings from adult turtle olfactory bulb granule cells. The laminar structure of the olfactory bulb allowed differential polarization of the distal apical dendrites versus the somatic part of the cells by an external electric field. Dendritic depolarization evoked small (~10 mV) all-or-none depolarizing events of ~10 ms duration. These spikelets often occurred in bursts at high frequency (up to 250 Hz); they were present despite the application of synaptic and gap junction antagonists, but were abolished by TTX and intracellularly applied QX314. The spikelets were interpreted as attenuated sodium spikes initiated in different branches of the granule cells dendrites. They occurred spontaneously, but could also be evoked by excitatory postsynaptic potentials (EPSPs) to the distal dendrites. Spikelets initiated by distal excitation could function as prepotentials for full sodium spikes, in part depending on the level of proximal depolarization. Somatic depolarization by the electric field evoked full sodium spikes as well as low-threshold calcium spikes (LTS). Calcium imaging revealed that the electrophysiologically identified LTS evoked from the soma was associated with calcium transients in the proximal and the distal dendrites. Our data suggest that the LTS in the soma/proximal dendrites plays a major role in boosting excitability, thus contributing to the initiation of sodium spiking in this compartment. The results furthermore suggest that the LTS and the sodium spikes may act independently or cooperatively to regulate dendritic calcium influx.
Introduction
Granule cells are GABAergic neurons involved in lateral and feedback inhibition of mitral and tufted cells (Shepherd et al. 2004; Jahr and Nicoll 1980) . In granule cells, synaptic output is localized to the distal dendrites, which connect them to mitral/tufted cell dendrites through dendrodendritic reciprocal synapses (Jahr and Nicoll 1980; Yokoi et al. 1995; Shepherd et al. 2004 ).
The dendritic output and the axonless nature (Shepherd et al. 2004 ) of granule cells make these cells an interesting and practical example for the study of dendritic physiology, since dendritic properties can be directly related to cellular output. As the distal dendrites form the output region of the cell, the interaction and synchronization of dendritic spikes become of interest, since this will affect the degree to which the cell may function as a loosely connected ensemble of individual, isolated inputoutput regions, e.g., each dendritic branch or group of branches, vs. a synchronized collective providing a global output. Furthermore, the interaction between the proximal and the distal dendrites is of interest (Midtgaard 1994; 1995) , since the proximal dendrites do not engage in dendrodendritic synapses, but receive traditional axodendritic input from centrifugal fibers and from axonal collaterals of mitral/tufted cells (Price and Powell 1970) .
Granule cells produce short bursts of sodium action potentials (Wellis and Kauer 1994; Hall and Delaney 2002) and sodium spike activated T-type calcium channels contribute to dendritic calcium transients (Egger et al. 2003) . In addition, a low-threshold spike (LTS) due to T-type calcium channels has been shown to boost sodium spike initiation and can occur in isolation subthreshold for the sodium spike (Pinato and Midtgaard 2003) , but the somatodendritic localization of this LTS has not been characterized. A dendritic localization of the LTS could suggest that the LTS, independently from the sodium spikes, contributes to local synaptic processing and dendritic calcium-dependent mechanisms, e.g., transmitter release.
Small fast spikes, 'spikelets', have been observed in granule cells in vivo (Mori and Takagi 1978; Wellis and Scott 1990; Luo and Katz 2001) . Their nature and localization have not been analyzed, however. The small diameter of the distal dendrites (~ 1µm, Woolf et al.1991 ) makes 4 dendritic patch clamp recording impracticable in granule cells. The application of a constant electric field on neurons, especially when their morphology is characterized by extended processes, can be a useful tool to activate, modulate or silence selective parts of the cells (Chan and Nicholson 1986; Tranchina and Nicholson 1986) . The combination of field stimulation and intrasomatic current injection through the recording electrode can provide insight into spatial integration along the dendrites. Granule cells in the olfactory bulb are suitable for this purpose since they are polarized cells with the somatodendritic axis aligned in the ependymal-pial direction (Shepherd et al. 2004) and therefore the application of an external electric field represents an alternative experimental approach in the study of active properties in fine dendrites, in particular the initiation and spread of action potentials. (Mori et al. 1981 ). The olfactory bulb was then divided into the two hemispheres and each of them hemisected along the horizontal plane. Some experiments were performed in one-half of a hemisphere of the olfactory bulb. Coronal slices of 300-400 µm thickness were cut on a Vibratome (DSK, Japan). Both dissection and experiments were done at room temperature (22-24 °C).
Methods
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Slices were transferred to the recording chamber (1 ml vol.) and perfused with Ringer's fluid at a rate of 1 ml/min. Ringer's fluid had the following composition (mM): 120 NaCl, 15 NaHCO 3 , 5 KCl, 2 MgCl 2 , 3 CaCl 2 , 20 glucose, pH 7.6, oxygenated with 98% O 2 , 2% CO 2 .
Recording electrodes (15-30 M resistance) were filled with a solution of the following composition (mM): 127 KCH 3 SO 4 , 1.53 Mg-gluconate, 3.7 MgCl 2 , 1 Glucose, 5 Hepes, 5 NaHepes, 2 Na 2 -ATP, adjusted to pH 7.5 with KOH (All chemicals from Sigma). Whole-cell recordings were made by conventional 'blind' recording technique or visually guided patching (see below). The data presented here were not corrected for the liquid junction potential between the recording electrode and the bath. Potassium -Lucifer Yellow-CH (5 mM) was included in the recording electrodes for morphological identification in some cases. Standard procedures were followed in order to fix and clear the tissue for conventional fluorescence microscopy.
TTX was obtained from Alomone Labs (Jerusalem, Israel); DL-2-Amino-5-phosphonopentanoic acid (AP-5), 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) and SR-95531 were obtained from Tocris (Bristol, UK); Mibefradil was kindly provided by Roche Pharma (Basel, Switzerland).
Octanol and carbenoxolone (Sigma) were bath-applied for up to 30 minutes.
The data were amplified (Axoclamp 2B, Axon Instruments), digitized at 20 kHz (Digidata, Axon Instruments) and analyzed using pClamp8 software (Axon Instruments). Statistical significance was assessed using Student's t-test.
Two Ag/AgCl electrodes were positioned in the recording chamber as close as possible to the slice in order to deliver an electric field along the ependymal-pial direction i.e. orthogonal to the slice.
The electric field electrodes were connected to a constant current stimulus isolation unit (Isolator 11, Axon Instruments). The actual field strength was calculated by fitting the voltage gradient measured at different locations between the electrodes. It was homogeneous in the direction of the granule cell dendrites and zero in the horizontal direction. Any offset added to the recordings in the presence of the electric field was subtracted online by using an extracellular reference electrode placed as close as possible to the recording site. Fluorescence imaging: Calcium imaging combined with patch recordings were performed on a Zeiss Axioskop FS equipped with water-immersion optics (40x/0.8; 63x/0.9), an excitation light source (Polychrome II, TILL Photonics GmbH) and a cooled CCD camera (Sensicam 640x480 pixels, PCO GmbH). The electrodes and the microscope were positioned using an electronically controlled system (Luigs & Neumann GmbH). Cells were visualized using conventional video enhancement in 300 µm thick slices, and were identified as granule cells based on their size and the location of the soma and dendrites. Recordings from granule cell somata showed electrophysiological properties similar to the results obtained by 'blind' patching. For calcium imaging, 300 µM Oregon BAPTA was included in the patch pipette solution. Following break-in, a filling period up to 45 minutes was necessary for the distal tips of dendrites to show an adequate fluorescence signal. For inclusion in this study, cells were required to have a stable resting membrane potential with no bias current and being able to generate full size sodium spikes after filling with calcium indicator. 21 cells were included in this study. Images were most often collected using 200 ms or 400 ms exposure for each frame in simultaneous acquisition mode. Pixels were binned 2x2 or 4x4. Usually a series of 20 or 40 frames were collected for each stimulation of the cell. Electrical stimulation of the cell was synchronized to frame acquisition.
Background fluorescence was measured in a region of the slice away from the cell recorded from and subtracted from the signal, and the data are presented as dF = F active -F reference or dF/F = 100 * dF / F reference , using an average of four prestimulus frames as reference. Images were analyzed using custom built routines (IDL, Research Systems, Inc.). The pixel values in a region of interest were averaged for a detailed analysis of fluorescence changes. For illustrative purposes, pseudocolor images were spatially smoothed using a 3x3 pixel boxcar filter. In order to visualize the finest type of spines (cf. Price and Powell 1970), a 63x objective was ideal. However, the limited field of view made the mapping of calcium transients over the dendritic arbor impractical, given the large extent of dendrites (up to about 600 µm length) in adult turtles. Therefore, a 40x objective was used. Often 7 an intermediate lens of 0.5x was added in the light path to increase the field of view at the cost of resolving details, e.g., the finest spines, only clearly visualizing the larger types of spines (Price and Powell 1970) . Even so, with large cells, the field of view was often restricted in relation to the extent of the dendrites. In such cases, a proximal region near the cell body and a distal dendritic region in the EPL, respectively, were selected for close analysis. Electronic storage of the X-Y-Z position of the microscope allowed multiple, precise movements between the two chosen regions following pharmacological manipulations. After the experiment the patch electrode was withdrawn; the objective was changed to a 20x lens, and a series of overview pictures were acquired to show the extent of the dendrites. For illustration a montage of the cell was produced, often by collapsing a Z-stack of pictures acquired with 2 µm's separation into one plane with all dendrites in focus using Automontage (R) (Syncroscopy, UK).
Results
(Fig 1 nearby)
Whole-cell recordings were made from granule cells ( fig. 1A ) in the turtle olfactory bulb. Most of the granule cells were characterized by several apical dendrites, which originated close to the cell body and projected into the EPL (fig. 1A, fig. 5A ). In some cells, a few basal processes were found close to the soma in the GCL. These processes did not extend far in the ependymal-pial axis, and would be polarized together with the cell body by an external electrical field applied across the slice by the electrodes indicated in fig. 1A . For processes aligned with the field, the external field stimulation induced a voltage gradient in the cell, e.g., the soma and the proximal part of each apical dendrite would be hyperpolarized, while the tips of the apical dendrites were depolarized.
The position along a dendrite where no net change in membrane potential occurs is the neutral point fig.2D , thin line; n = 3) were abolished, suggesting that a single full spike evoked from the soma could spread up to the initiation site for dendritic spikes, preventing those from being activated by the dendritic field depolarization. This reduced excitability had a duration comparable with the interspike interval given by the maximum firing frequency (10-30 Hz), and could be due to dendritic potassium conductances elicited by sodium spike-evoked calcium influx (Egger et al; fig. 5 ). In both traces of fig.2D , a rebound somatic spike was generated by the depolarization that followed the end of the 10 field pulse ( fig.2D, arrow) . However, the preceding spikelets in the control experiment ( fig.2D , thin line) did not prevent the rebound somatic full spike, even though it occurred within the time window where a preceding somatic full spike would abolish subsequent spikelet initiation. This supports the notion that spikelets were not actively invading the soma, and that there were independent sodium spike initiation sites proximally and distally in the cell.
Several studies have interpreted fast prepotentials or "spikelets" in hippocampal (Schmitz et al. 2001 ) and thalamocortical neurons (Hughes et al. 2002) as gap junction mediated potentials. Gap junctional coupling has been reported between granule cell somata in the olfactory bulb (Reyher et al. 1991 ; but see Kosaka and Kosaka 2003) . Since somatic field depolarization readily evoked full spikes ( fig. 1 ), it could be expected that such spikes evoked in neighboring cells would be transmitted through somatic gap junctions as spikelets in the cell recorded from. However, spikelets were never observed with somatic field depolarization. In order to exclude that spikelets originated as gap junctional potentials of spikes in other cells, instead of dendritic spikes in the cell recorded from, carbenoxolone or octanol were added to the medium (100 µM, n = 3 and 1 mM, n = 4, respectively; not shown); spikelets were still evoked by dendritic field depolarization under these conditions. Furthermore, when QX-314 (5 mM, n= 7; not shown) was included in the electrode solution, the full spikes and subsequently the spikelets were abolished within ten minutes following break-in. In addition, spikelet threshold was very sensitive to small variations of the membrane potential ( fig. 2 A-C) and a full spike could abolish subsequent spikelets ( fig. 2 D) . This suggests that the spikelets evoked by the dendritic field depolarization could not be postsynaptic gap junction potentials, reflecting the firing of the neighboring cells, but more likely they represented voltage dependent active processes taking place within the cell recorded from. Furthermore, the granule cells would in any case be depolarized dendritically by the field, so that even if the spikelets were mediated by gap junctions they would likely reflect dendritic sodium spikes in other granule cells.
Finally, sodium spikes are associated with a large calcium signal over the dendrites to the tips (Egger et al. 2003; fig. 5) showing that the dendrites can support regenerative sodium spikes. In Spontaneous spikelets could be also distinguished from EPSPs as the occurrence of the spikelets was very sensitive to the postsynaptic membrane potential. Fig. 3E shows the frequencies of EPSPs, spikelets and full spikes versus the membrane potential. While the frequency of occurrence of spontaneous EPSPs (~12 Hz) was not affected by the membrane potential, neither spikelets nor full spikes were detected at membrane potentials more negative than -50 mV. Above this value, spikelets started to occur at higher frequencies than full spikes, but their frequency suddenly decreased at membrane potentials around -45 mV at which full spikes were initiated. About -25 mV the cell fired only full spikes and no more spikelets were observed. Spontaneous distal dendritic (Fig.4 nearby) In order to test whether dendritic spikelets could be evoked systematically by stimulation of known Low-threshold calcium spike effects (Fig.5 nearby) A low threshold calcium spike (LTS) has been identified in olfactory granule cells (Pinato and Midtgaard 2003) . The LTS has a significant influence on excitability and can boost sodium spike (fig.6 B) . The LTS evoked by somatic field depolarization was abolished when it was preceded by a current-pulse evoked LTS ( fig.6 C, E) . In contrast, a preceding field-evoked LTS ( fig.6 D and E) left part of the current-pulse evoked LTS, but with a significantly reduced amplitude (49.3 ± 7.7 %, p<0.0001, n = 4). Since the somatic field depolarization was associated with a dendritic hyperpolarization these results showed that the proximal part of the cell can sustain a regenerative LTS, which add to the excitability of this compartment. The interaction of the field and current pulse-evoked LTS suggests that the proximal parts of the cell contributes significantly to the amplitude and rising phase of the ordinary LTS evoked by proximal current 15 injection. These results suggest that the LTS has a dual function, and that the LTS localized proximally could have a major function in boosting excitability and initiating sodium spikes.
Initiation of spikelets by EPSPs
Discussion
The present results, in the adult animal at physiological temperature, suggest that sodium spikelets in olfactory granule cells could be initiated at multiple, independent dendritic sites. The spikelets could be confined to the dendrites without actively reaching the soma, depending on a balance between the distal and the proximal membrane potential. An electrophysiologically identified lowthreshold calcium spike was accompanied by widespread calcium influx, including the proximal and the distal dendrites. The calcium signal evoked by a single LTS would add to the calcium signal produced by a sodium spike. The LTS would furthermore boost excitability, and local activation of an LTS influenced the amplitude of a subsequent LTS due to the inactivation kinetics of the Tchannels.
Dendritic initiation of sodium spikelets
The data presented here (figs. 1-4) are consistent with the notion that the spikelets are due to electrophysiological events in the cell recorded from, e.g. dendritic sodium spikes. The dendritic field depolarization suggests that they can be initiated some distance from the cell body, since the field depolarization is strongest at the end of the neuronal process, but the exact dendritic initiation site(s) for the spikelets is (are) unknown. Spikelet amplitude at the initiation site is not known, but dendritic origin and passive decay is consistent with the prolonged decay phase of the spikelets, compared to the full spikes. Patch recordings from the distal dendrites would help resolve this issue, but proved technically unfeasible during this study.
Multiple initiation sites for dendritic spikelets were inferred from their apparent firing frequency (bursts up to 250 Hz). This value was much higher than the maximum somatic sodium 16 spike firing frequency (< ~30 Hz) observed by injection of current pulses, and could be accounted for by a number of independent initiation sites. The possibility of multiple initiation sites may be analyzed further using voltage-sensitive dye imaging. Many dendrites originated close to the cell body and could be followed for long distances into the EPL ( figs. 1 and 5) . Field depolarization of the apical dendritic tips may be particularly efficient for the induction of spikelets at multiple initiation sites (e.g. one spikelet per dendrite), as the accompanying proximal hyperpolarization could prevent dendritic spikes from propagating between dendrites originating below the neutral point for the field (Tranchina and Nicholson 1986) . In this way the field may be acting similar to a dynamic synaptic balance between distal excitation and proximal inhibition, which confined spiking to the distal dendrites in mitral cells (Chen et al. 1997; Chen at al. 2002) . The results suggest that distal and proximal dendritic inhibition could be particularly efficient in controlling the spatial extent of lateral inhibition from a granule cell, by controlling initiation and propagation of sodium spikes.
Synaptic input to the distal dendrites activated sodium spikelets/prepotentials consistent with a dendritic origin of these active responses ( fig.4 ; cf. Mori and Takagi 1978) . In this, the results are reminiscent of the fast dendritic prepotentials recorded in mitral cell somata (cf. Shen et al. 1999; Chen et al. 2002) . In contrast to their activation by distally located synapses, no spikelets/prepotentials were observed when a sodium spike was initiated by an LTS, suggesting that under such circumstances the sodium spike was initiated close to the somatic stimulation and recording site. During field depolarization of the distal dendrites, a short-lasting somatic depolarization would increase spikelet firing and allowed the spikelets to trigger full somatic sodium spikes ( fig. 2 C) . Thus, interactions along the somato-dendritic axis combined to produce the final spiking pattern of the cell.
Granule cells can be classified according to their dendritic branching pattern and synaptic connections with mitral and tufted cells (Mori et al. 1983) . It remains to be seen whether the sodium spiking patterns may vary depending on the specific dendritic branching pattern of the cell.
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Low threshold calcium spike: contributions to calcium signaling and excitability
The calcium imaging experiments ( fig. 5) showed that calcium transients could be detected both in the proximal and the distal dendrites, when an electrophysiologically identified LTS was evoked.
Thus, the LTS contributed independently to calcium influx, in addition to T-type calcium channel activation during sodium spike firing (Kozlov et al. 1999; Chemin et al. 2002; Egger et al. 2003 ).
The widespread LTS-evoked calcium signal suggests that the LTS in itself contribute to calcium dependent processes in the dendrites, e.g., transmitter release or synaptic plasticity. If the LTS was part of such functions, they would then be affected by the properties of the LTS, e.g., the long In addition to the LTS' role as a source of intracellular calcium, the LTS contributes to synaptic excitability and sodium spike initiation (Pinato and Midtgaard 2003) . Therefore, we analyzed the factors that influenced LTS-excitability. The field experiments ( fig. 6) showed that local depolarization of the proximal cell membrane initiated a regenerative LTS, which influenced the amplitude of subsequent low-threshold spikes evoked by ordinary current pulses. Thus, local control of T-channel activation/inactivation could influence subsequent cellular responses. In contrast to spikelets and prepotentials initiated by distal dendritic depolarization by the external field or distally located EPSPs, no such small spikes were observed during somatic field depolarization or on top of an LTS. This can be explained if the LTS or other proximal depolarization initiates sodium spiking at a proximal location, close to the recording site, from where the sodium spikes could propagate throughout the dendrites. Table 1 
